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Abstract 
This work reports on the machinability differentiation in semi finishing of three carburizing steel grades that are used in transmission 
components such as gears, crown wheels and pinions. A reference steel grade of type 20NiCrMo was compared with a clean steel (S=40 ppm) 
and an ultra-clean steel (S=10 ppm). Attention is on the link between the characteristics of the non-metallic inclusions of the steel grades and 
the balance of the flank and rake face wear of the CVD Al2O3 and TiCN coatings. The interaction of abrasive wear and thermo-mechanical 
degradation of the Al2O3 upper layer will be described. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Semi finishing i.e. machining as-received steel in soft 
condition is a standard process at transmission production. The 
aim with semi finishing is to remove the outer layer of metal 
from the component and to reach the specified geometry and 
surface quality. Cutting tools of cemented carbide that are 
coated with multi-layers of e.g. Al2O3 and TiCN are common 
for this purpose. Typically, the volume fraction of carbide 
ranges from 0.6 to 0.95 [1]. The remaining fraction is 
composed of a metallic binder, usually cobalt (Co) or nickel 
(Ni). The hardness and toughness of the cutting tool depends 
on the characteristics of the substrate and its multi-layers. 
Typical factors include the chemical composition of the grade, 
the size and the distribution of the carbides, the size and the 
shape of the grains and the solubility level of the carbides [2]. 
In general, an improved tool wear resistance is associated with 
a high content of the carbide phase in cemented carbide cutting 
tools. On the contrary, a higher content of the binder phase 
promotes an increased toughness of the cutting tool. Therefore, 
the cutting tools at transmission production must be carefully 
selected. A remaining challenge of semi finishing automotive 
components is still to increase the tool life and the productivity 
whilst maintaining a satisfactory surface finish. Manufacturing 
of cutting tools that provide a robust production is therefore of 
major interest from an economical point of view.  
Tool wear mechanisms that are active during semi finishing 
is typically abrasion, adhesion, diffusion and chemical wear. 
Typical tool wear patterns include flank wear, crater wear, 
notch wear, thermally induced crack formation, edge chipping, 
edge fracture and plastic deformation. The active wear 
mechanisms and the generated tool wear patterns depends on 
the machining parameters and the properties of the selected 
cutting tool and work material. 
Transmission components are primarily made of carburizing 
steel grades because they offer a suitable balance of high 
impact toughness and fatigue strength whilst being relatively 
easy to machine. Overall, there are three major qualities of 
carburizing steels, namely standard (350-500 ppm S), clean 
(10 ppm S, İ10 ppm O) and machinability improved (200-400 
ppm S + Ca-treatment) [3-5].  
The aim of this paper is to describe the effect of steel 
cleanliness and inclusion characteristics on the tool wear of a 
cemented carbide cutting tool. Work materials in this study 
range from a standard to an ultra-clean steel. 
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2. Experimental 
2.1. Work materials and cutting tools 
Three carburizing steel grades were used in this study. Their 
compositions and the used designations in this work are 
presented in Table 1. Quality R is a standard steel grade and is 
common at gear box production. Therefore, it is chosen as a 
reference material in this study. It has a typical fatigue strength 
of 650-900 MPa. Quality C is a clean steel (40 ppm S) whilst 
UC is an ultra-clean (10 ppm S) and high performance grade. 
UC steels are designed to give a prolonged service life time of 
heavy trucks and to improve their performance, as a result of 
their excellent mechanical strength of 850-1000 MPa. 
Bars of 90 mm in diameter and 500 mm in length were soft 
annealed at 945 K for 15 h. A Sandvik Coromant cemented 
carbide cutting tool with designation CNMG120408PM 
GC4225 and having a nose radius of rε=0.8 mm was used in 
this study. The grade GC4225 is composed to have a high 
toughness while being intermediate wear resistant. Therefore, 
it is suitable for intermittent machining as it tolerates a large 
mechanical load without fracture. 
Table 1. Chemical composition of the tested steel grades, in wt%. 
Des. C Mo Mn Si Cr Ni S O 
R 0.21 0.21 0.88  0.24 0.56 0.50 0.028 0.0009 
C 0.20 0.24 0.60 0.24 0.53 1.69 0.004 0.0005 
UC 0.17 0.09 0.78 0.32 1.13 1.35 0.001 0.0004 
2.2. Machining tests and evaluation 
The machining test was conducted at Swerea KIMAB by 
using an OKUMA LB 300 M turning lathe under dry condition. 
The semi finishing test was performed by using a face turning 
operation from Do=88 mm to Di=35 mm. The feed rate was 
fn=0.25 mm·rev-1, the depth of cut ap=2.0 mm and the cutting 
speed was vc=450 m·min-1. Four edges were tested on each 
cutting tool. Edge 1 traveled 10 cuts, edge 2 traveled 21 cuts, 
edge 3 42 cuts and edge 4 85 cuts. One cut corresponds to a 
chip cut length of 20.5 m in 2.75 seconds. 
2.3. Analysis of workpiece steels 
An electrolytic-extraction (EE) of steel samples with a size 
of 15·10·4 mm was done to enable a three dimensional (3D) 
analysis of non-metallic inclusions. The steel samples were 
dissolved by using an electrolyte (10% acetylacetone, 
1% tetramethylammonium chloride methanol) and by applying 
an electric current of 50 mA. The precipitated non-metallic 
inclusions were collected on the surface of a filter, and then 
analyzed by using a scanning electron microscope (SEM) 
equipped with an energy dispersive X-ray spectrometer (EDS). 
The equivalent diameter (deq) of the non-metallic inclusions 
was estimated by using Equation 1: 
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where Lmax and Wmax are the maximum length and width of the 
investigated inclusion. Also, the amount of non-metallic 
inclusions (Nv) in the observed steel samples was estimated by 
using Equation 2: 
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where Nv is equal to the amount of impurities in the analyzed 
size range (n) multiplied with the ratio of the surface area of the 
used film filter (Af) and the total observed area (Aobs), and the 
ratio of the density of the steel sample (ρm) and the dissolved 
weight (Wdis) during the electrolytic extraction. Also, two 
dimensional (2D) analyzes of non-metallic inclusions were 
conducted by using SEM-EDS on the surface of polished steel 
samples in order to analyze the particle size distributions 
(PSD). The analysis was conducted with the IncaFeature 
software at a 500x magnification.  
The maximum flank wear (VBmax) was measured 
periodically by using light optical microscopy (LOM), whilst 
the detailed tool wear was further analyzed by using a JEOL 
JSM 7000F FEG-SEM equipped with a back-scatter (BS) 
detector and by applying a tension of 10 kV. Also, the 
remaining workpiece material was removed from the cutting 
tools by using a 37% hydrochloric acid (HCl). 
3. Results and discussion 
3.1. Inclusion characteristics of the analyzed steel samples 
Figure 1 shows the typical categories of non-metallic 
inclusions that were found in the steel samples of grade R, C 
and UC by using SEM, after electrolytic extraction. All the 
samples contained pure sulfides and oxides and the combined 
oxy-sulfides. Pure MnS inclusions are elongated in shape and 
were found to be up to 400 µm in length. Oxides and 
oxy-sulfides are more spherical in shape and much smaller in 
size, typically with a diameter of 2-10 µm. 
(a) (b) 
Sulfide size range: 5-300 µm Oxide size range: 1-20 µm 
(c)  
Oxy-sulfide size range: 2-60 µm 
 
Fig. 1. Non-metallic inclusions found in the samples of grade R, C and 
UC (a) sulfides; (b) oxides; (c) oxy-sulfides. 
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The analysis of the particle size distribution of the observed 
non-metallic inclusions revealed some clear differences 
between the steel qualities, as is shown in Fig. 2. A total amount 
of 12129, 526 and 816 non-metallic inclusions was analyzed 
for quality R, C and UC, respectively, which corresponds to a 
density of 19.3, 0.7 and 1.1 non-metallic inclusions per unit 
cubic millimeter. Quality R contained a large amount of 
sulfides with lengths up to 100 µm even though oxides and 
oxy-sulfides also were found. However, most of the particles 
had a deq value smaller than 10 µm. In comparison to quality R, 
C and UC contained a much smaller amount of sulfides. Still, 
MnS inclusions with lengths up to 70 µm were observed.  Also, 
the content of pure oxides and oxy-sulfides were similar to that 
of R, and the deq values were smaller than 20 µm. 
The reference steel grade R displayed a significantly slower 
rake face wear progression in comparison to C and UC 
(see Fig. 3 and 4a-c). Roughly the width of exposed TiCN of R 
at 80 cuts corresponds to that of C and UC at 40 cuts. The C 
and UC steels behaved very similar. A slightly higher wear 
progression may be present with the UC. Secondary SEM 
micrographs were recorded in the areas of maximum rake face 
wear of etched cutting tools (Fig. 4d-f.). Ridges in the chip flow 
direction were found. The frequency of the ridges were about 
0.1 µm with R, about 1 µm with C and about 0.5 µm with UC. 
The wear patterns found are probably a mixture of Al2O3 grains 
elongated in the flow direction and abrasion marks. The 
combined ridges and abrasion marks results in a relatively 
smooth surface of the rake face after tests with R and somewhat 
more textured rake face surfaces after tests with C and UC. 
In addition, it was found that machining the clean steels C 
and UC generated micro-chipping of the surface of the cutting 
tool (see example in Fig. 4f). Micro-chipping was not observed 
on the cutting tool after machining R. Furthermore, 
micro-chipping indicates on a tougher material and a reduced 
chip breakability, which is explained by the low content of 
impurities and the increased content of alloying elements of C 
and UC, see Table 1. 
3.2. A comparison between the reference steel and the clean 
steels 
It was found that the standard quality R was rich in MnS 
inclusions (Fig. 1a) and that it contained a larger total amount 
of non-metallic inclusions than the clean steels C and UC 
(Fig. 2). In addition, the wear of the cutting tools had 
progressed further after cutting in C and UC in comparison to 
cutting in R. This tendency was observed by the progressively 
increasing width of TiCN on the rake face crater of the cutting 
tools (see Fig. 3 and 4a-c). Therefore, the superior 
machinability of R is linked to formation of MnS deposits on 
the rake face. The deposits protect the outermost Al2O3 coating 
by both reduced thermal load in the chip-tool interface and by 
lifting abrasive constituents of the steel somewhat over the tool 
surface, thereby reducing the abrasion of the Al2O3 coating. It 
is well-known that non-metallic inclusions act as stress raisers 
in the primary shear zone, which results in embrittled chips [6]. 
Thus, eases chip formation.  
Fig. 3. The quantified mean width of TiCN of quality (a) R; (b) C; (c) UC. 
3.3. The general influence of steel cleanliness and 
non-metallic inclusions 
This work has shown that the abrasive wear of cemented 
carbide cutting tools in soft part turning of carburizing steel 
grades is strongly correlated to their content of non-metallic 
inclusions. An increased content of sulfur, oxygen and nitrogen 
in the final steel quality will lead to an increased population of 
impurities, which has a beneficial effect on the chip formation 
process. In addition, the cutting tool wear is believed to be 
linked to the formation of protective slag deposits on the cutting 
edge. The slag deposits can act as a protective barrier between 
the cutting edge and the workpiece and thereby reduce the 
material transfer and the chemical attack of the cutting tool 
from the chip flow. Therefore, the composition of the 
non-metallic inclusions in the steel matrix is of high 
importance. Also, the size and number of the non-metallic 
inclusions has an impact on the tool wear and chip formation. 
(a) (b) (c) 
Fig. 2. The particle size distributions of the sulfides, oxides and oxy-sulfides that was observed in the samples of quality (a) R; (b) C; (c) UC. 
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A re-sulfurization of a standard steel quality is a 
conventional process to improve the machinability. Another 
approach is to add calcium. A calcium treatment transforms the 
hard Al2O3 inclusions into softer calcium-aluminates. As 
calcium-aluminates are softer than pure oxides, they are less 
abrasive during machining, which is beneficial for the cutting 
tool life. In addition, calcium has a strong affinity to sulfur 
which results in the formation of calcium-sulfides (CaS) and 
complex manganese-calcium-sulfides (Mn,Ca)S. (Mn,Ca)S are 
known to have a higher hot-hardness than MnS. Therefore, 
(Mn,Ca)S inclusions are believed to be more abrasive than 
MnS inclusions at lower temperatures, i.e. in soft part turning. 
On the contrary, (Mn,Ca)S inclusions are believed to have a 
protective effect of the cutting tool due to their stability at 
higher temperatures e.g. at hard part turning of carburizing steel 
grades. As a result of this, machinability improved steel grades 
has been introduced on the global steel market during the last 
decades. Therefore, a suggestion for future work is to add a 
calcium treatment to the reference steel grade R in order to 
achieve an improved machinability, also in hard part turning. 
4. Conclusions 
This paper aimed to describe the effect of steel cleanliness 
and inclusion characteristics on the tool wear of a cemented 
carbide cutting tool in semi finishing. The following 
conclusions were made: 
1. The soft part machinability of a standard carburizing steel 
is superior to that of a clean and an ultra-clean grade.  
2. The abrasive wear had progressed further when 
machining the clean steels C and UC in comparison to 
machining R. Also, machining UC indicated a faster 
abrasive wear than C. This was observed by the exposed 
mean width of TiCN on the rake face crater of the cutting 
tools. 
3. The superior machinability of the reference steel grade R 
is linked to its high content of non-metallic inclusions 
and foremost MnS inclusions. Non-metallic inclusions 
act as stress raisers in the shear zone. Thus, eases chip 
formation. 
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Fig. 4. The exposed width of TiCN on the rake face of (a) R; (b) C; (c) UC and a detailed analysis on the wear of the rake of (d) R; (e) C; (f) UC (SEM-SE). 
